Protein-protein interactions (PPIs) are essential for cellular viability and activity. Here, we present a rapid, semiquantitative method (termed FRETex) to analyze PPIs, taking advantage of the strong and specific FRET signal between fused CyPET donor and YPET acceptor molecules. To demonstrate the robustness of this approach, we analyzed the interactions between three protein pairs and their muteins: TEM1-b-lactamase binding its inhibitor BLIP, barnase binding barstar and ornithine decarboxylase binding its inhibitor antizyme. The CyPET/YPET fused proteins were produced in small quantities, and the measurements were conducted directly in the proteins crude Escherichia coli lysates without any purification step. Protein concentrations were determined from the fluorescence intensities of the lysates. While binding titration curves were produced, the resulting affinities were not always precise. Therefore, we also conducted timeresolved chase experiments using non-labeled binding partners as chasers. The acquired dissociation rate constants were in a good agreement with those measured by surface plasmon resonance. Due to the simplicity of FRETex, and the ability to obtain semi-quantitative binding data, FRETex is a suitable method for tasks such as mutant scans, protein-engineering, scanning for inhibitors and more.
Introduction
The ability of proteins to form interactions with other proteins (PPI) is fundamental to life, and is a core activity in many biological processes. Numerous methods were developed to evaluate whether specific proteins interact and to determine the affinity and kinetics of their binding. Current methods to investigate PPI can be divided into those that provide high-throughput, qualitative binary (yes/no) information and do not require purified proteins, versus quantitative methods that usually require purified components and are thus of low throughput (reviewed by Shoemaker and Panchenko, 2007) . High-throughput qualitative methods include co-immunoprecipitation (Berggard et al., 2007) , bimolecular complementation of reporter proteins such as DHFR (Remy et al., 2007) , TEM1 (Galarneau et al., 2002) or luciferase (Chen et al., 2008) , yeast two-hybrid, a variety of display methods (such as yeast or phage display; Pelletier and Sidhu, 2001) , crosslinking (either chemical or using photo-reactive amino-acid analogues) and tandem affinity purification (Berggard et al., 2007; Shoemaker and Panchenko, 2007) . Conversely, biophysical methods provide precise kinetic and/or thermodynamic data, as well as the stoichiometry of the interactions. These methods are more reliable, displaying fewer false-positive and false-negative results. However, the downside of the quantitative methods is that they typically require elaborate sample preparation and exact determination of protein concentrations, resulting in low throughput. Quantitative detection methods include surface plasmon resonance (SPR) (Rich et al., 2009) , fluorescence polarization, isothermal titration calorimetry (ITC) (Ghai et al., 2012) , microscale thermophoresis and fluorescence quenching upon complexation (either of internal tryptophans or using an attached fluorophore). Some of these methods are label-free (such as SPR and ITC), while others require the labeling of one or both proteins for detection (Berggard et al., 2007; Shoemaker and Panchenko, 2007 ). An easy, low-cost, high-throughput method for semiquantitative determination of PPI would be very useful for basic science as well as for biotechnology, protein engineering, drug development and a variety of other biological studies.
Förster resonance energy transfer (FRET) is a phenomenon frequently used for PPI detection (Wallrabe and Periasamy, 2005; Masi et al., 2010) . Briefly, two different fluorophores-the donor and the acceptor-are attached to two proteins of interest. The donor emission wavelength overlaps with the excitation wavelength of the acceptor. Complex formation results in the proximity of the donor and the acceptor, thus fluorescent emission at the acceptor wavelength occurs upon donor excitation (resulting also in quenched emission at the donor wavelength). FRET enables PPI detection in vivo and in vitro (Phillip et al., 2012; Padilla-Parra and Tramier, 2012) . CyPET (donor) and YPET (acceptor) proteins are frequently used, highly efficient FRET pair . Song et al. (2011) used purified pairs of proteins fused to CyPET and YPET to measure their binding affinity. Although very elegant, this method still requires protein purification before PPI can be detected. You et al. (2006) used FRET from proteins in crude extracts to measure binding. This provided a qualitatively correct order of mutant affinity, but with quantitatively different results from those obtained by SPR. Here, we propose a FRET-based method that we term FRETex, for fast, high-throughput PPI detection and their semi-quantitative analysis, without the need for any protein purification. We demonstrate the capabilities of FRETex to detect and measure interactions of multiple mutants of three different protein -protein complexes: TEM1-b-lactamase binding BLIP (Strynadka et al., 1994) , barnase binding barstar (Guillet et al., 1993; Buckle et al., 1994) and ornithine decarboxylase (ODC) binding antizyme (Az) (Albeck et al., 2008; Cohavi et al., 2009) . PPI were detected in cell lysates using the fluorescent proteins CyPET and YPET. FRETex detected interactions ranging between nM to mM affinity. Dissociation rate constants with similar values to those obtained by SPR were determined by chasing the labeled complex with a nonlabeled binding partner. FRETex is a simple, low-cost, high-throughput method that is very efficient for use of rapid, semi-quantitative PPI scans.
Methods

Protein engineering
CyPET was fused to the N 0 terminus of TEM1, barnase and Az, while YPET was fused to the N 0 terminus of BLIP, barstar and ODC using a five amino-acid linker (GGSGS) as previously described (Phillip et al., 2012) (Fig. 1) . A second N 0 terminus fusion to TEM1 was created with mCherry, which was used as chaser to determine k off values. The constructs were prepared using RF cloning described in Unger et al. (2010) . Mutations in TEM1 and BLIP were made using the recombinant polymerase chain reaction (PCR) method (Reikofski and Tao, 1992) . Barnase E73W and barstar C40A, C82A were used as pseudo-wt due to the toxicity of the wildtype barnase (Hartley, 1988; Schreiber et al., 1997) and our desire to avoid cys-cys bond formation. Mutations in this system were inserted by the invert PCR method.
Cell lysate preparation
Proteins were expressed under a T7 promoter in a pET9a vector. Plasmids were transformed separately into Escherichia coli Bl21 for protein expression. Cells were grown in 25 ml 2YT media with 50 mg/ml kanamycin at 378C to OD 600 0.6. Protein expression was then induced by adding 100 mM IPTG (except for YBLIP and Ybarstar where 10 mM IPTG was added) and incubating at 208C for 16 h. The cells were pelleted by centrifugation for 10 min at 2000 g in 48C, re-suspended in 750 ml phosphate buffered saline (PBS) (10 mM KPI pH 7.4, 150 mM NaCl) containing protease inhibitors (Sigma P8340) and sonicated for 1.5 min (30 s cycles) at 30% sonication power (SONICS Vibra Cell TM , probe model CV 334 serial #2010090424). The lysates were centrifuged at 10 000 g for 10 min and the protein-containing supernatants were used for FRETex experiments. In the YBLIP lysates, the protein was detected in inclusions bodies. The YBLIP pellet was re-suspended in 75 ml of 8 M urea and incubated at room temperature for 4 h. Refolding was initiated by dilution to 750 ml PBS for 2 h. When producing ODC and Az, 1 mM dithiothreitol was added to the lysates.
Fluorescence measurements
Fluorescence measurements were performed in black 96-well plates (greiner bio-one, 60-655076) on a fluorescent plate reader (infinite M200, Tecan). Emission at 530 nm upon excitation at 480 nm was used to estimate the concentration of the YPET-fused proteins. Emission at 480 nm upon excitation at 398 nm was used to estimate the concentrations of the CyPET-fused proteins. Emission at 610 nm upon excitation at 570 nm was used to estimate the concentration of mCherry-TEM. The optimal excitation wavelength, in terms of high FRET signal versus low YPET self-excitation was experimentally determined to be 398 nm. Binding was probed by mixing the lysates to a final volume of 70 ml. PPIs were measured by following the evolving FRET signal, which was determined as the acceptor's emission at 530 nm upon excitation at the donor's excitation wavelength (398 nm). To nullify the effects of the intrinsic lysate fluorescence and of YPET self-excitation, the fluorescence was corrected by subtracting the signals resulting by each fluorescent protein alone from the signal obtained from the protein pair (Fig. 1C) .
Results
The aim of this study was to provide a simple, reliable and semi-quantitative tool to identify PPIs. The desired method should be of high throughput, easy to use and of low cost. Detecting PPIs through FRET between fused CyPET and YPET pair is an established method. Here, we demonstrate how this method can be used to determine semi-quantitative binding data for three different protein -protein complexes and their mutants; TEM1-BLIP, barnase-barstar and ODC-Az. A schematic model of these proteins fused at their N 0 terminus to CyPET and YPET is shown in Fig. 1A and B. A flow diagram of the method is shown in Fig. 1C . Small-scale expression of 25 ml of bacterial sup was sufficient, with the cells being sonicated before FRET measurements.
Determination of protein concentrations
Protein concentrations in the crude cell extract were estimated taking advantage of the fluorescence intensities of the fused CyPET, YPET and mCherry proteins. A linear relation between the concentrations of CyTEM and YBLIP proteins and their fluorescence intensities was previously shown (Phillip et al., 2012) . Figure 2 shows the linear relation between dilutions of CyTEM and YBLIP in total cell extract and the fluorescence intensity. A similar linear relation holds also between the concentration of mCerry-TEM and its fluorescence intensity (data not shown); these linear relations were subsequently used to estimate protein concentrations from the fluorescence intensities. It should be noted that the fluorescence intensity is a measure of the concentration of the fluorescent protein, while the proteins of interest may have a different active concentration (due to misfolding, aggregation, partial proteolysis and more). Still, the estimated protein concentrations were sufficient to produce protein -titration curves of the FRET partners (Fig. 3) .
Detecting specific PPIs using FRETex
Previously, we have shown that the accumulation of FRET between CyTEM and YBLIP is a measure of their interaction (Phillip et al., 2012) . Here, the same pair of proteins was used to determine whether specific interaction data can be obtained also from non-purified cell lysates of E.coliexpressed proteins. Figure 3A shows the titration of cell . The X-axis is the estimated protein concentration as determined from purified fluorescent proteins of known concentrations; Y-axis values are emission intensities at 480 nm (A) and 530 nm (B) at an excitation at 398 nm.
FRETex: A FRET-based, high-throughput technique
extract containing YBLIP into cell extract containing a constant amount of CyTEM. The FRET signal grows with increased acceptor (YBLIP) concentration, until it reaches a plateau. The plateau represents a saturation of the donor (CyTEM) interacting with the acceptor. To validate that the signal was not an artifact resulting from the direct interaction of CyPET with YPET, the experiment was repeated using a non-interacting protein pair (CyTEM and Ybarstar E76A ). No FRET was detected for this protein pair (Fig. 3A versus  Fig. 3B) ; hence the FRET signal is specific to the probed interaction. Figure 3C 
Estimating dissociation rate constants using FRETex
It was noted by You et al. (2006) that direct determination of binding affinities from FRET titration curves in crude lysates is qualitative in nature. The binding affinity between two proteins can be calculated either from mass action or from the interaction kinetics, K D ¼k off /k on , with the dissociation rate constant (k off ) being the variable factor in dictating binding affinity (Reichmann et al., 2007b) . Dissociation is a firstorder reaction that, unlike binding affinity, is not dependent on the protein concentrations. The easiest way to obtain dissociation rates is by chasing the labeled protein with excess of a non-labeled protein. Figure 3D shows the dissociation of CyTEM WT -YBLIP W112A upon chase with either BLIP wt or BLIP W150A . Since BLIP W150A has a lower affinity than wildtype (Reichmann et al., 2007a) , the latter is more efficient than BLIP W150A . Indeed, Fig. 3D shows how non-fluorescent BLIP WT quickly reduces the FRET signal of interacting CyTEM WT and YBLIP W112A , while chasing the complex with non-labeled BLIP W150A resulted in only a small reduction in the FRET signal. This is due to the 10-fold lower binding affinity of BLIP W150A in comparison to BLIP W112A (Reichmann et al., 2007a) . To estimate whether dissociation rate constants obtained using FRETex are similar to those previously determined by SPR, we measured k off values of two BLIP and two TEM1 mutants, and of the wild-type proteins (Fig. 4A) . The FRETex: A FRET-based, high-throughput technique determined dissociation rate constants were compared with values obtained using SPR (Fig. 4B) , showing good agreement between the data. To determine whether it is necessary to use purified proteins as chaser, we also used a crude lysate of mCherry-TEM1 to chase the interaction between BLIP W150A and TEM1. The data show perfect agreement in the k off value obtained using the crude lysate and the purified protein as chasers, suggesting that in the absence of pure protein crude lysate is sufficient (Fig. 4) .
Detecting binding of other protein complexes using FRETex
To validate the general applicability of the FRETex method, we examined the interactions between barnase E73W and barstar (Fig. 5) , and between ODC and Az (Fig. 6) . The E73W barnase mutant has no RNAse activity, and thus allows barnase production in the cytoplasm of E. coli without the need to co-express it with its inhibitor barstar (Schreiber et al., 1997) . In addition, this mutant significantly reduces the affinity of the complex, making the time-frame of the measurement more accessible (Schreiber et al., 1997) . Good FRET signals resulting from formation of specific PPIs were determined for these two complexes ( Figs 5A and 6A) . The FRET-producing complexes were chased by adding nonfluorescent wt barnase or Az ( Figs 5C and 6C) . The interactions between four barnase and barstar, and two ODC-Az variants were analyzed. The values determined from FRETex were in good correlation with previously determined k off values of purified proteins as measured by SPR (Cohavi et al., 2009) (Fig. 6C) . For barnase -barstar, a good correlation between FRETex and literature data (Schreiber and Fersht, 1993; Schreiber et al., 1997) was found as well (Fig. 5D) ; however, the absolute values differed. Unlike the k off values for Tem-BLIP and ODC-Az, the published barnase -barstar values were not determined by SPR. Hence, the observed differences may be a result of the different methods applied. Alternatively, the fusions of CyPET and/or YPET may decrease the binding affinity of this complex.
Conclusions
In this paper, we present a rapid method to determine semiquantitative binding data between proteins. Upon excitation at 398 nm, binding results in a strong and PPI-specific accumulation of FRET signal at emission of 530 nm. No purification steps are required, and measurements are easily performed in a 96-well format. Binding affinities can be obtained either by titration of increasing concentration of the acceptor with a fixed quantity of the donor (neatly demonstrated in both You et al. (2006) and Song et al. (2011) , or by adding excess of non-labeled/differently labeled protein as chaser (see this paper). The advantage of the latter is that the determined k off values are more reliable, as demonstrated by the good agreement with the SPR-measured values for three different PPIs and their muteins. As k off is the main variable in binding affinity, and as it is not dependent on the knowledge of precise protein concentrations, dissociation data are sufficient for mutant screening, validation of protein designs, evaluation of PPIs inhibitors and more. As chaser, one can use an excess of purified protein, or protein from crude lysate. For the latter, it is advantageous to use labeled protein, but with a label that does not interfere with the produced FRET signal. This allows the determination of the concentration of the chaser protein (here, we used mCherry-TEM1). FRETex can be used over a wide dynamic range of binding affinities, from nM to tens of mM, with measurable dissociation rate constants of 10 -10 25 s 21 . Obviously, for low-affinity complexes, the limitation may be the high concentrations of FRET partners required to obtain good data. Previous attempts using FRET protein -titration data from proteins in crude cell extracts did not result in quantitative binding data (You et al., 2006) , which may be a result of the difficulty in determination of active protein concentrations in crude extract, protein occlusion by non-specific binding, affects of fusion on association rates or other problems. These problems are circumvented by direct determination of dissociation rate constants using a chaser. Moreover, the number of required measurements is much smaller, and binding saturation does not have to be achieved, making it a reliable and simple platform for many uses.
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